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We introduce a new class of models of chaotic inflation inspired by the superconformal approach 
to supergravity. This class of models allows a functional freedom of choice of the inflaton potential 
V — \f(cj>)\ 2 . The simplest model of this type has a quadratic potential m 2 4> 2 /2. Another model 
describes an inflaton field with the standard symmetry breaking potential \ 2 (cj> 2 — v 2 ) 2 . Depending 
on the value of v and on initial conditions for inflation, the spectral index n s may take any value from 
0.97 to 0.93, and the tensor-to-scalar ratio r may span the interval form 0.3 to 0.01. A generalized 
version of this model has a potential X 2 ((f> a —v a ) 2 . At large <f> and a > 0, this model describes chaotic 
inflation with the power law potential ~ (f> 2a . For a < 0, this potential describes chaotic inflation 
with a potential which becomes flat in the large field limit. We further generalize these models 
by introducing a nonminimal coupling of the inflaton field to gravity. The mechanism of moduli 
stabilization used in these models allows to improve and generalize several previously considered 
models of chaotic inflation in supergravity. 



I. INTRODUCTION 

There were many attempts to implement the chaotic 
inflation scenario [T] in supergravity. The main problem 
was related to the Kahler potential JC. The simplest 
Kahler potential contained terms proportional to $$. 
The F-term part of the potential is proportional to e , 
therefore it was typically growing like el*l 2 . This was 
way too steep for chaotic inflation at $ ^> 1. 

One way to overcome this problem is to find flat di- 
rections of the inflaton potential in supergravity, see e.g. 
[5J The simplest version of chaotic inflation in su- 
pergravity was proposed in Ref. [3]. The idea was that 
instead of considering the Kahler potential $$ one may 
consider the potential ($ + $) 2 /2. This potential, just 
like the potential $$, renders the field $ canonically nor- 
malized. However, the new Kahler potential has shift 
symmetry: It does not depend on the field combination 
$ — <!>. Therefore the dangerous term e also does not 
depend on $ — $, which makes the potential flat and 
suitable for chaotic inflation, with the field $ — $ playing 
the role of the inflaton field. The flatness of the potential 
is broken only by the superpotential mS&, where S is an 
additional scalar field, which disappears on the inflation- 
ary trajectory. As a result, the potential in the direction 
<f> — $ becomes quadratic, as in the simplest version of 
chaotic inflation. 

This model was followed by many related papers on 
this subject, see e.g. fiHTB]. A similar idea was used in 
the models of chaotic inflation in string theory |15| ITrJ| . 

Recently a new class of inflationary models with a flat 
direction was proposed in the context of the standard 
model [T7] and in the NMSSM [IBM], with the Higgs 
field playing the role of the inflaton field. The flatness 
of the potential in these models appears because of the 
nonminimal interaction of the inflaton field to gravity 



This class of theories has many interesting and unusual 
properties, which were recently revealed in the context of 
the superconformal approach to supergravity |191I21| . In 
particular, there is a very simple class of supergravity 
theories, canonical superconmformal supergravity (CSS) 
models. In these models, the kinetic terms in the Jor- 
dan frame arc canonical and the scalar potential is the 
same as in global SUSY. Even when the superconformal 
symmetry of the chiral multiplets is broken, the poten- 
tial may remain simple, preserving some of the attractive 
features of the original theory [2T] • 

In this paper we will show that this new class of infla- 
tionary models has an interesting relation to the previ- 
ously considered models with shift symmetry: In the par- 
ticular case when the inflaton field is minimally coupled 
to gravity, the Kahler potential in the models considered 
in [TEH2T] does not depend either on $ — <f>, or on $ + $, 
which explains the flatness of the inflaton potential in 
this direction. 

The models [18 - 21 also require the existence of an 
additional field S. During inflation, this field acquires 
a tachyonic mass, but it can be stabilized by adding a 
term S 4 to the Kahler potential |2"U1 I2T] . In the models 
considered in [3HT5] the field S was not tachyonic, but 
in many of these models the mass of this field was much 
smaller than the Hubble constant during inflation. As a 
result, inflationary fluctuations of these fields could serve 
as a source of isocurvature perturbations, or nongaussian 
adiabatic perturbations [12] . 

As we will see, by adding the terms term S 4 to the 
Kahler potential of these models, just as it was done for 
the models considered in |18rl2"T] , one can render the S 
field heavy, which then reduces the investigation of such 
models to the investigation of simple one-field models of 
chaotic inflation. 

The superpotential in the models discussed in our pa- 
per has a general structure W — 5/(<I>), where /($) is 
an arbitrary holomorphic function. When the fields S 
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and Im<E> are stabilized at their zero values, these mod- 
els provide a functional freedom of choice of the inflaton 
potential, V{4>) = \f(4>/V2)\ 2 , where 4> = \/2Rc$ in a 
canonically normalized inflaton field. One can also in- 
troduce a non-minimal coupling of the inflaton field to 
gravity, which provides an additional freedom of choice 
of the inflaton potential in supergravity. 

In this paper, we will discuss the new class of chaotic 
inflation models in supergravity and study their observa- 
tional consequences. 



II. SUPERCONFORMAL APPROACH TO 
SUPERGRAVITY 



Recently there was a wave of interest in the possibility 
to implement inflation in the standard model |17| . The 
main idea was to introduce a large nonminimal coupling 
of the Higgs field to the curvature scalar, of the type of 
^4> 2 R. After that, one can make a transformation from 
the Jordan frame to the Einstein frame, which eliminates 
the term £<fi 2 R and makes the potential of the Higgs field 
sufficiently flat to support inflation [171 12"2"] . 

For a long time it was not quite clear whether one can 
use this mechanism in supersymmetric models. In the 
standard derivation of the Lagrangian of matter coupled 
to supergravity, one starts with a superconformal theory 
and then fixes the conformal compensator to be propor- 
tional to the Planck mass. This brings the supergravity 
directly to the Einstein frame, after which it is very dif- 
ficult to recover the original superconformal symmetry. 

In Refs. |19l |2"T] a new approach to supergravity was 
developed. In this approach, one fixes the conformal com- 
pensator in a more general and flexible way, which allows 
to formulate supergravity in the Jordan frame. After ap- 
plying this procedure, the term in the action containing 
the curvature scalar R looks as follows: 



(1) 



Here gj is metric in the Jordan frame, £l 2 (z,z) is the 
real frame function 1 , which is an arbitrary function of 
complex scalar fields z and z. There is an important 
class of theories where the Kahler potential is 



K, = — 31ogQ 2 (z, z) . 



(2) 



or, equivalently Sl 2 (z,z) = exp(— JC/3). The property of 
these models is that the kinetic term for the scalar fields 



in the Jordan frame 2 is given by [191 |2"T] 



where 



n 



^ d 2 n 2 { z ,z) 



For the choice 



n 2 



i - - 

3 



~ (6 a0 z a z? + J(z) + J(-z)) 



(3) 



(4) 



(5) 



where J(z) is a holomorphic function of scalars, one has 



30% = 

a/3 



which means canonical kinetic terms. 



The potential in the superconformal approach to su- 
pergravity is also simplified in the Jordan frame as shown 
in Eq. (3.4) of [21J. When conformal symmetry is gauge- 
fixed, the potential coincides with the global SUSY po- 
tential for models where the superconformal symmetry 
of the matter multiplets is preserved (J(z) — 0) and the 
F-term potential is V^ c = |cW| 2 . 

Even when the superconformal symmetry is broken 
and J(z) ^ 0, the potential in the Jordan frame may 
be relatively simple, as one can infer from Eq. (3.4) of 
|21j . For example, suppose that the holomorphic func- 
tion J(z) does not depend on a certain direction, let us 
call it S, and the superpotential is given by 



W = Sf(*), 



(6) 



where /($) is an arbitrary holomorphic function. If S is 
stabilized at S = 0, the potential of the field $ in the 
Jordan frame is equal to Vj = \dsW\ 2 — |/($)| 2 . In this 
case the potential in the Einstein frame at S = is also 
simple, namely 



Ve\s=o — 



Vj_ = 

o 4 (i- i($$ + j($) + J(3>))) 2 



(7) 



A particular example of this class of models is provided 
by the models of inflation in the NMSSM |T8 l IT9 l l2"T] and 
by a simplified version of this scenario proposed in [5U] . 
For the purposes of this paper it will be sufficient to de- 
scribe the simple version of these models containing two 
scalar fields, S and In these models the holomor- 
phic iS-independent function J(z) in fl 2 in (15| is given by 



4 ^ 



This yields 



n' 2 ($,S;$,S) = l-^($$ + 55') + y($ 2 + $ 



(8) 



1 In [19] [21] we used the notation Q 2 (z, z) = — 1$ (z, z) . Here we 2 There is also an extra kinetic term for scalars from the auxiliary 
reserve the letters $ , <& for the complex scalar field and use Q 2 vector fields |19l 12 1 1 , which vanishes when scalars are either real 

for the real frame function. or imaginary. 
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which corresponds to the Kahler potential 



JC = —3 log 



!_ ($$ + SS) + t(* 2 + * 2 ) + 
3 4 V ' 



(9) 



For the frame function 
frame are canonical, 



kinetic terms in the Jordan 



y/-gj{d^d v ^ + d^Sd v S)g^ 



(10) 



The main goal of the models [18 - 21j was to consider 
strongly nonminimal coupling of the inflaton field to 
gravity, x 3> 1, which allows to obtain flat potential at 
large values of the Higgs field in the NMSSM [171122]. In 
the next section we will consider the model of the type 
considered in [18H21] , but we will no longer assume that 
the field $ is the Higgs field of the standard model, and 
instead of the model with ^ > 1 we will consider the 
inflaton field minimally coupled to gravity. 

In order to do it, we will represent Eqs. ([8| , ^ in the 
following equivalent way |21| : 



O. 2 



-SS 



1 

12 



1 + -x (*-$) 



K 



1 

12 



-3 log 



1-oX (* + *)' 



(11) 



-SS- 



1 

12 



1+ x ($_$)2 



^(i-|x)(* + *)" 



(12) 



One can easily see that this class of models allows some 
interesting special regimes. For \ — 0, all scalar fields in 
the Jordan frame described by Eq. ^ are conformally 
coupled to gravity. Meanwhile for \ = +2/3 the real 
part of the field $, which is given by + $)/2, is not 
coupled to the curvature scalar R, i.e. it is minimally 
coupled to gravity. In this case the Kahler potential also 
does not depend on $ + $. Similarly, for \ = —2/3 the 
imaginary part of the field which is given by (<f> — 
i>)/2z, is minimally coupled to gravity and the Kahler 
potential does not depend on $ — $. In this paper we 
will concentrate on the models with x — +2/3, in which 
case the Kahler potential does not depend on $ + $; a 
generalization to the case when it does not depend on 
$ - $ is trivial. 



The complex fields S and $ can be represented as 



(s + ia)/V2, 



4> 



ij3)/V2. 



(13) 



For x = +2/3, the field <fi will play the role of the infla- 
ton field. In this case, the Kahler potential, as well as O, 
does not depend on <f>. Thus, <f> is minimally coupled to 
gravity; the Jordan frame for the field cf> coincides with 
the Einstein frame. If during inflation we will have S = 0, 



(3 = 0, then the Kahler potential vanishes along the in- 
flationary trajectory, and all fields have canonical kinetic 
terms. An expression for the potential of the inflaton 
field along the inflationary trajectory for W = Sf($>) is 



(14) 



It follows from (|7| with fl 2 = 1 at the inflationary tra- 
jectory, when Vj = Ve- Depending on the choice of the 
function /, one can obtain a wide variety of models of 
chaotic inflation in supergravity. 

In the models with x 2/3, the frame function Q 
contains a term 2/3)($+$) 2 /4. This term introduces 
a nonminimal coupling for the inflaton field, §0 2 i?, where 



f = - 



G 



X 
4' 



(15) 



In this case, the potential V(4>) for S = 0, j3 — in the 
Jordan frame is still given by ( |14[ ), but it looks different 
in the Einstein frame, 



v E (4>) 



(i + OT 



(16) 



This expression for the Einstein frame potential follows 
from (J? I with O 4 = (1 + £</> 2 ) 2 at the inflationary tra- 
jectory, where Ve — Vj/fl 4 . One can also obtain this 
result by using the standard supergravity expression for 
Ve (4>) ■ It is this modification of the potential that may 
allow inflation in the standard model along the lines of 

Q2H22I. 



Note, that the simplicity of the transition from the 
Jordan frame potential \ f(<fi/y/2)\ 2 to the Einstein frame 
( 16 1 is somewhat deceptive: The field (f> in the Einstein 
frame with £ ^ is not canonically normalized. The 
canonically normalized inflaton field ip is related to the 
field 6 as follows: 



dip 
~d4> 



y/1 + ^ 2 + 6 £ 
l + £</> 2 



2A2 



(17) 



It is instructive to compare this new class of models 
with the previously considered models of chaotic inflation 
in supergravity, with the power-law Kahler potential [4- 



JC = S a az a z fj + J{z) + J(z) + 



(18) 



We now make the same assumptions as before, namely 
that d s J = 0, W = Sf(<S>), S is stabilized at S = 0. In 
this case 



^15=0 = ^1^1' 



In particular, for 



JC = ($$ + SS) - + $ 2 ) 



(19) 



(20) 
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one has 



Ve\s=o 



(21) 



For x — 2/3 (i.e. for £ = 0), there is a shift symmetry: 
JC = SS - !(<& - $) 2 + see @|. During inflation with 
5 = and $ = one has JC — 0, and the potential V(</>) 
is the same as in the logarithmic case ( fl4| . However, in 
this class of models the general case x~T 2/3 does not 
have a simple interpretation in terms of a nonminimal 
coupling to gravity. If we take \ ^ 2/3 in the models with 
the power-law Kahler potential, the inflaton potential 
becomes 



(22) 



where, as before, £ = — l/6 + x/4. Depending on the sign 
of £, the potential either vanishes or blows up at large <j). 
Therefore it is difficult to achieve inflation in the models 
with the power-law Kahler potentials with £ ^= 0. 

In what follows, we will analyze several different mod- 
els of chaotic inflation with the logarithmic Kahler po- 
tentials, as well as their counterparts with the power-law 
Kahler potentials. 



III. CHAOTIC INFLATION WITH THE 
LOGARITHMIC KAHLER POTENTIAL 



We will begin with a model with the superpotential 

W = -A5($ 2 - v 2 /2). (23) 

For v <C 1, this model coincides with the model consid- 
ered in |18H21| , but now we will consider a more general 
case and allow v to take any values. The Kahler potential 
is 



-3 log 



1 



V 

6^ 



>bf-\ss 



-C(SS) 2 /3 



(24) 



2/3 in (121, i.e. to 



This corresponds to the choice x 

C = o. 

The scalar potential in this theory depends on 5 = 
(s + ia)/V2 and $ = (0 + i(3)/VZ- The field will play 
the role of the inflaton field. The Kahler potential does 
not depend on it. The field 5 plays an auxiliary role. It 
provides the required potential to the field $, but during 
inflation 5 = 0. An additional term £(55) 2 is intro- 
duced to ensure stability of the inflationary trajectory 
near 5 = |20[ I21|. Once stabilization is achieved, the 
field 5 vanishes, and this term becomes irrelevant for the 
investigation of the dynamical evolution of the field <f>. 

In this simple model, the potential is a function of |5| 2 , 
so it is sufficient to study the potential as a function of 
4>, ft and |5| at 5 = 0. An amazing property of this 
theory, explained in [191 |2"T] , is that the kinetic terms of 



the fields $ and 5 are canonical in the vicinity of the in- 
flationary trajectory 5 = 0, which enormously simplifies 
investigation of the inflationary regime. 




FIG. 1: Scalar potential for for s, 7 = is given by V(<f>) = 
\ 2 {(j> 2 -v 2 ) 2 /4. Inflation occurs either when the field <j> rolls 
down from its large values, as in the simplest models of chaotic 
inflation, or when it rolls down from d> — 0, as in new inflation. 



As we will see shortly, under certain conditions, the 
inflationary trajectory corresponds to S = (3 = 0. In 
this case the potential with respect to the scalar field 
is given by the simple and familiar expression describing 
the theory with spontaneous symmetry breaking, 



V{4>) = 



A 2 



(25) 



After inflation the field <j) falls to the minimum of its 
potential at <f> = v, where V((f>) vanishes. Note that the 
potential in our model is proportional to A 2 rather than 
to A. Inflation may occur at (j) 3> 1, as in the simplest 
versions of the chaotic inflation scenario pQ. For v < 1, 

4> 1, the potential is V ~ 4-0 , so it is ruled out 
by the WMAP data, see Fig. [2| However, for v > 1 
during the last stages of inflation the field moves in a 
quadratic potential near the minimum, with the effective 
mass m 2 = 2A 2 w 2 . In this case, COBE normalization 
requires m = V2Xv - 2 x 10" 6 [271 \M- Fot « > h 
inflation may also occur while the field slowly rolls down 
from the local maximum of its potential at 4> = 0, as in 
the new inflation scenario |23| . 

To check whether an inflationary trajectory with = 
at 5 = is stable with respect to fluctuations of the fields 
at 5, let us first study the potential of the fields (f> and 
P at 5= 0: 

VUR\ 9A 2 (0 4 -20 2 (z; 2 -/3 2 ) + (t; 2 +/3 2 ) 2 ) 
W)= 4 (3-/3 2 ) 2 ' (26) 

The minimum of this potential with respect to f3 is at 
= 0. The curvature of this potential with respect to (3 
near /3 = is given by 



A^ 



(3(0 2 + « 2 ) + 



v 2 ) 2 ) > 0. 



(27) 



5 



During inflation 



and therefore 



HIT 



H 2 = 



12 



v 2 ? 



4H 2 + X 2 (v 2 + (j> 2 ) > AH 2 . 



(28) 



(29) 



This means that the field j3 rapidly rolls towards (3 = 
and stays there. 

Stability of the S field is not automatic. Its mass 
squared near the inflationary trajectory S — 0, /3 = 
is given by 



6 



((6C-l)(0 2 +« 2 ) 2 + 120 2 ) 



(30) 



During inflation, the leading contribution to the mass is 
given by the term (6£ — l)^j-(0 2 + v 2 ) 2 , which has an 
absolute value greater than 2 |6£ — 1| H 2 . Thus, without 
the term ((SS) 2 /3 in the Kahler potential, the effective 
mass of the field S at large <f> an d at <fi <S v would be 
equal to —2H 2 , which would destabilize the inflationary 
regime. Stability requires that £ > 1/6. 

Moreover, if we want to make the field S heavy enough 
to avoid inflationary perturbations of the field S, we 
would need to require 6£— 1 > 1, i.e. £ > 1/3. Under this 
condition, inflationary evolution occurs along the direc- 
tion S = 0, /3 = 0. Since the kinetic term for the field <f> 
in this direction is canonical, observational consequences 
of inflation in this model coincide with the observational 
consequences of inflation in the simple single-field model 
with the symmetry breaking potential ( 25 1 , see [2"4"l 12"5] . 



There are two possible inflationary regimes in this 
model. First of all, the field <j> may roll down from its 
large values. For v < 1, inflation is controlled by the 
term X 2 4> 4 /4:, in which case this model is essentially ruled 
out by observations, see black circles in Fig. [2j which 
shows the predictions of our model [24] as compared to 
the WMAP results [SB]. 

However, if v TS> 1, the potential during the last 
stage of inflation is dominated by the quadratic part of 
the potential near its minimum, with the effective mass 
squared 2X 2 v 2 . In this case the predictions of the model 
are the same as of the inflationary theory m 2 cf) 2 /2 with 
m = \/2\v, as shown by the white circles in Fig. [2] The 
observed amplitude of curvature perturbations of metric 
requires Xv ~ 2 x 1CT 6 (27J [2H]. 

The upper branch of each blue line in Fig. [2] describes 
the predictions of the model when the parameter v grows 
from u«l (black circles) to v 3> 1 (white circles). Thus 
these predictions interpolate between the predictions of 
the models with a quartic and a quadratic potential. 

Inflation may also happen when the field rolls down 
from 4> — 0> as in the new inflationary scenario. This is 
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FIG. 2: WMAP and predictions of our mo del s. Predictions of 
the model with the potential ^- (<f> 2 — v 2 ) 2 ( 25 1 are bounded by 



the two blues lines corresponding to the number of e-foldings 
N — 50 and N = 60 |24j . The blue stars correspond to this 
model with v = and the inflaton nonminimally coupled to 
gravity with f > 1 for N = 50 and N = 60 [T7H2T] . The green 
dashed lines describe predictions of this model for v = and 
for various values of £ [29], for iV = 50 and iV = 60. These 
results suggest that once one considers arbitrary values of v 
and increases £, the blue lines will move to the right and down, 
as indicated by the green dashed lines. As a result, possible 
values of n a and r in this model may span a substantial part 
of the allowed values of n a and r. 



possible only for v > 1. If v T> 1, the stage of inflation de- 
scribing formation of the observable part of the universe 
occurs near the minimum of the inflationary potential at 
tf> ~ v, and once again we have the same predictions as 
in the inflationary theory m 2 (f> 2 /2 with m = ^/2Xv, as 
shown by the white circles in Fig. [2] On the other hand, 
if v is not too large, the main part of the inflationary 
regime occurs near <f) — 0, which results in the predic- 
tions shown by the lower parts of the blue lines in Fig. 
® 

There are two blues lines shown in Fig. [2] corre- 
sponding to two different possibilities for the number of 
e-foldings: N — 50 and N = 60. In this sense, the predic- 
tions of our model, depending on N and v, are bounded 
by these two lines. 



IV. INTRODUCING NONMINIMAL 
COUPLING TO GRAVITY 



The model discussed in the previous section allows var- 
ious generalizations. For example, one may add to the 
superpotential a term ~ S 3 . This will not change the 
potential along the inflationary trajectory, but it will re- 
quire a somewhat greater value of £ for stabilization of 
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the field S. One may also add a term S$, which will 
shift the position of the minimum of the potential along 
the inflationary trajectory, without altering its shape. 




FIG. 3: Scalar potential (31 1 of the theory d23b, (241 with 



the nonminimal coupling of the inflaton field § <f> R. This 
coupling can be introduced by adding £(<3? 2 + $ 2 ) to fi 2 and 
to the Kahler potential. We present a family of potentials for 
different values of £, starting from £ = (upper blue line). 

A more interesting change happens if one considers 
models with £ = — 1/6 + x/4 > 0. This is equivalent to 



correspondingly, to the Kahler potential d9l, u 



adding a term 



), and, 
cr the 



logarithm. It is also equivalent to making the inflaton 
field nonminimally coupled to gravity as ^<p 2 R [IS]. The 
potential of the scalar field cj> in Einstein frame becomes 



V(<f>) = 



X 2 



v 2 ) 2 



4 (l + £0 2 ) 2 



(31) 



see Eq. ([16) and Fig. [3j Note that the field for ^ 
is not canonically normalized. In order to study inflation 
in this model by standard methods one may perform a 
transformation to a canonically normalized field ip (17 1, 
see HH HH H2] - 

For £ <C 1, our model will be only slightly modified, but 
it will allow to further extend the range of the possible 
values of n s and r. In the limiting case £ 1, for small 
v, the model will have properties similar to the properties 
of the Higgs inflation models in supergravity discussed in 
[THHH], but for large v this model may allow inflation at 
small </) as well. 

An investigation of n s and r for generic values of £ in 
the model for the model j<p 4 , which corresponds to our 
model with v — 0, can be found in [29] . It is interest- 
ing that their results are now valid in the context of a 
new class of supergravity models which we study here. 
We may therefore use the values of n s and r which were 
computed for the case v — in [29] . We show these values 
by green dashed lines in Fig. [2] Further modifications 
occur when one takes into account quantum corrections. 
We expect that by using the freedom of choice of £ and 
v in our model one can cover a significant part of the 
allowed values of n s and r shown in Fig. [2] 



Thus in this class of models the existence of an infla- 
tionary regime is rather stable with respect to the change 
of the parameter x, or, equivalently, £ = — 1/6 + %/4, but 
the observational predictions of these models may vary. 
The model with x = 2/3, which is equivalent to consider- 
ing the inflaton field minimally coupled to gravity, £ = 0, 
is singled out by its simplicity, and by the fact that in this 
model the Kahler potential vanishes during inflation. In 
this class of models the Kahler metric is flat, and the 
inflaton as well as other scalars have all canonical kinetic 
terms during inflation. This simple model requires v» 1 
for its consistency with observational data. However, this 
requirement is no longer needed if one studies generalized 
versions of this model with sufficiently large values of £. 



V. POLYNOMIAL KAHLER POTENTIAL 

It is quite instructive to compare the model considered 
in the previous section with a similar but different model 
proposed in [7] (see also closely related models proposed 
in [5J|5]). This model has the same superpotential as in 
the previous section, 

W = -XS($ 2 - v 2 /2). (32) 

The Kahler potential in this model is not logarithmic, 



K = SS- -(<f>-<5>) 2 -({SS) 2 . 



(33) 



Note that we added to the Kahler potential of the model 
of H] the stabilizing term -((SS) 2 . 

The potential of the inflaton field = V2 Re $ in this 
theory is the same as in the model studied in the previous 
section: 



VW = ^ 2 -v 2 ) 2 . 



(34) 



Ref. [7 studied inflation in this model at small values 
of the field <f>. As we have seen in the previous section, 
this model incorporates the large field chaotic inflation 
as well. 

In our model, the mass squared of the imaginary part 
of the field $ (i.e. of the field f3) near the inflationary 
trajectory with 5 = and j3 = is given by 

mj = y {(4> 2 - v 2 ) 2 + 2(h 2 + v 2 )) = 6H 2 + X 2 ^ 2 + v 2 ). 

Thus during inflation m 2 > 6H 2 , and therefore the imag- 
inary part of the field $ is indeed stabilized at Im $ = 0, 
i.e. at p = 0. 

The mass of the field S along the inflationary trajec- 
tory S — is 



m 2 s = 12(H 2 + 2X 



2i2 



(36) 
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Therefore the classical part of the field S is also stabi- 
lized at S = 0. However, for ( — 0, as in the original 
model of Ref . [7] , the mass of the field S during inflation 
is much smaller than the Hubble constant, which means 
that the field S must experience large inflationary fluctu- 
ations [12] . Depending on the coupling of the field S to 
matter, these fluctuations may lead to dangerous isocur- 
vature perturbations of the metric, or to non-gaussian 
adiabatic perturbations, as in the theory of the curvaton 
field [30]. The amplitude of these perturbations and the 
degree of non-gaussianity may vary, depending on the 
choice of the parameter £ and on the initial conditions 
for inflation |32| . 

Stabilization of the field S, which is achieved if £ > 0.1, 
provides a significant simplification of the inflationary 
theory. Indeed, by adding the term — £(55) 2 to the 
Kahler potential we can render the mass of the field S 
greater than H, which eliminates inflationary perturba- 
tions of this field and reduces the problem to the inves- 
tigation of single-field inflationary cosmology for a po- 
tential \{4> 2 — v 2 ) 2 . Observational consequences of this 
model, after the stabilization of the field S, coincide with 
the observational consequences of the model studied in 
the previous section. 

The properties of this model change dramatically if 
one modifies it by adding to its Kahler potential the 
term £($ 2 + $ 2 ), as we did in the end of the previous 
section. This term introduces the overall factor e -3 ^ 
into the inflaton potential, see Eq. (22 1. If we want to 



and the polynomial Kahler potential ( 33 1 



preserve the previously developed scenario and use it for 
the description of the last 60 e-folds of inflation, we must 
have |3£0 2 | < 1 for \<fi\ < 10. This leads to the constraint 
|£| ^5 3 x 10 -3 , which is a significant fine tuning. This 
problem was absent in the model studied in the previous 
section. 

In this sense, the new class of theories with the loga- 
rithmic Kahler potential discussed in Sect. |III| allows a 
much greater flexibility in the construction of models of 
chaotic inflation. On the other hand, as we already men- 
tioned, the model considered in the present section may 
allow us to obtain non-gaussian adiabatic perturbations 
related to the field S. The amplitude and the degree of 
non-gaussianity in this model can be controlled by the 
choice of the stabilization parameter £. 



VI. CHAOTIC INFLATION WITH A 
QUADRATIC POTENTIAL 



Now we will consider a very simple version of the 
chaotic inflation model with the superpotential 



!C = SS - ^(<S> - $) 2 - ({SS) 2 . 



(38) 



This model almost coincides with the model of chaotic 
inflation in supergravity proposed in 0]. The main dif- 
ference is the presence of the stabilizing term —£(SS) 2 
in the Kahler potential of our model. Also, to bring this 
model closer to the notations of [18 21 , we use the term 
— \(<& — i>) 2 instead of the term |($ + $) 2 in the Kahler 
potential of the model of Ref. [I]. As a result, the role 
of the inflaton is played in our scenario by the real part 
(p of the field <i>, instead of its imaginary part /?. 

In terms of the variables S = (s + ia)/\^2, $ = (</> + 
«/3)/-\/2, the potential grows as e' s ' at large \S\, and as 
e' at large (3. However, along the inflationary trajectory 
at S = = 0, the potential of the inflaton field (j> m this 
theory is quadratic [4] , as in the simplest version of the 
chaotic inflation scenario pQ: 



m 2 ,, 



V(4>) = 



(39) 



The proper amplitude of perturbations of metric requires 
m~2x 10" 6 [271[5S]. 

Near the inflationary trajectory with 5 = 0, the mass 
squared of the imaginary part of the field 4>, or, equiva- 
lently, of the field j3, is 



ij = m 2 {l + (j) 2 ) = 6H 2 + ■ 



(40) 



Thus during inflation the imaginary part of the field $ is 
stabilized at Im $ = 0, or equivalently, (3 = 0. 

The mass of the field S along the inflationary trajec- 
tory S = is given by 



m 2 = 12CF 2 



(41) 



For £ = 0, the mass squared of the field S is equal to m 2 , 
which is much smaller than H 2 during inflation. This 
means that the field S (both its real and imaginary part) 
must experience large inflationary fluctuations [12]. De- 
pending on the coupling of the field S to matter, these 
fluctuations may lead to dangerous isocurvature pertur- 
bations of metric, or to non-gaussian adiabatic pertur- 
bations, as in the curvaton theory [30]. By adding the 
term —(^(SS) 2 to the Kahler potential of this model one 
can render the mass of the field S greater than H. This 
eliminates inflationary perturbations of the field S and 
reduces the problem to the investigation of single-field 

2,2 

inflationary cosmology for a potential m ^ pQ. 

This model, just as the model considered in the previ- 
ous section, is not very flexible with respect to the addi- 
tion of the term £(<E> 2 + 1> 2 ) to the Kahler potential (38 1. 
This term significantly changes the potential at large <j>: 



W = mS<I>, 



(37) 



V{cj>) 



m 
~2~ 



b 2 e- 3 ^ 



(42) 
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This model can successfully describe the last 60 e-folds 
of inflation only if the exponential term does not signifi- 
cantly alter the potential for cf> < 15, which implies that 
one should take £ < 10~ 3 . 

One can easily generalize this model and incorporate 
it into the class of the models considered in (THHH] . We 
will use the same superpotential W = mS& as in Eq. 
( 37 1 , but the logarithmic Kahler potential (24 1, 



/C = — 31oe 



1 



1 



i + ($ _ $y - ss + t(ssy/3 

o 



(43) 



This theory has the same inflaton potential m 2 (f> 2 /2. 
Near the inflationary trajectory with S — 0, the mass 
squared of the imaginary part of the field 3>, or, equiva- 
lent ly, is 



m 2 (l -I- -4> 2 ) = AH 2 + m 2 . 



(44) 



The mass squared of the field s along the inflationary 
trajectory S — is 



2(6C- l)H 2 



(45) 



Thus we will have a successful inflationary model if ( is 
somewhat greater than 1/6. 




FIG. 4: Scalar potential 1 46 1 of the theory (37 1, (43 1 with the 
nonminimal coupling of the inflaton field i^R. We present 
a family of potentials for different values of £, starting from 
£ = (upper blue line). 



One can introduce nonminimal coupling of the inflaton 
field by adding the term £( ( E >2 + $ 2 ) under the logarithm 
in the expression for the Kahler potential (43 1. In this 
case, the Einstein frame potential becomes 



v(<p) 



2^,2 



m 4> 



2(1 + & 



2\2 ' 



(46) 



see Fig. [4] For £ <c 1, this potential has a flat maximum 
at <j> = l/\/£ 3> 1. Depending on the value of £, the 
last 60 e-foldings of inflation in this scenario occur either 
near the maximum of the potential &t <j> — 1/ or dur- 
ing slow roll near the quadratic part of the potential, at 



4> < !/%/£■ An interpolation between these two regimes, 
which is achieved by changing of the small parameter £, 
produces a continuous variety of values of n s and r, sim- 
ilar to the variety shown by the blue lines in Fig. [2] To 
make this model phenomenologically viable one should 
have |£| < 10~ 2 . 



VII. FUNCTIONAL FREEDOM OF CHOICE OF 
THE INFLATON POTENTIAL 



Now we will consider a more general superpotential 
W = 5/($), (47) 
and the Kahler potential 



JC = SS- ^(<S>-$) 2 -({SS) 2 . 



(48) 



As we already shown in Sect. [TTJ the potential of the 
inflaton field <fi in this theory, for S — and Im<i> = 0, is 
given by 



v{4>) - \fWV2)f 



(49) 



A particular example is given by superpotentials which 
at large $ look as 



W = \ a S$ a , 
which lead to inflationary potentials 3 



V 



2" 



t,2n 



(50) 



(51) 



For V - (j) 2a , one has 1 - n s = (1 + a)^ 1 , r = 8a/N, 
where N is the number of e-folds. In this case 1 — n s = 
l/N + r/8 [El EI]. 

The problem with this class of potentials is that for 
< a < 1 the mass of the field <f> is singular at the mini- 
mum of the potential. Meanwhile for a < the potential 
gradually decreases at <p — ¥ oo, so there is no stable vac- 
uum state. One can avoid these problems in the gener- 
alized version of the model ( 23 1 , with the superpotential 



W 



-KS <£ a 



and the inflaton potential 



2 

a ( ± a 



2 a/2 



(52) 



(53) 



This potential has a non-singular minimum at <p = v. If 
v is not too large, at a > one has the same regime 



This possibility was pointed out to us by A. Westphal. 
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FIG. 5: Predictions of the large field inflation in the model 



with the potential V 



v a ) for v < 1 and different 



a in the range of < a < 2 are shown by two blue lines 
corresponding to N = 60 and N = 50. 



of chaotic inflation as in the theory <f> 2a at large <fi. 
Therefore in this regime the predictions of our model are 
the same as of the model 4> 2a . On the WMAP graph, 
the family of all possible values of n s and r for this class 
of models is shown by the two straight lines (for N = 60 
and for N = 50) crossing the points corresponding to the 
theories j(j) 4 and ^-</> 2 , see Fig. 

On the other hand, for a < the potential at large 
is very flat, asymptotically approaching ^§ v 2a , 



VW = §(v 2a (l-2(^)-H)) + 



(54) 



One can have inflation at large field (j) in this model. 
Depending on v and a, one may also have inflation at 
6 < v. 



Note that the same potentials (51), (34 1 appear in the 



theories with the logarithmic Kahler potential (24 1 as 



well. One can further generalize such models by making 
the field <fi nonminimally coupled to gravity. In this case 



the potential ( 34 1 transforms into 



v(<f>) 



A 2 



,a\2 



2 a (1+C0 2 ) 2 



(55) 



A more detailed discussion of the models ( 52 )-( 55 1 will 
be contained in a separate publication. 



More generally, eq. ( 49 1 implies that one may take any 
holomorphic function /($) and check whether inflation 
is possible in the theory with the potential \f(cj)/y/2)\ 2 . 
If this is the case, and if the full supergravity potential 
V($>, S) has a stable direction with S = and Im$ = 0, 
then one may implement chaotic inflation scenario in this 
theory, with the inflaton potential V{4>) = \f(4>/y/2)\ 2 . 



with respect to the field S. The mass squared of the 
field S along the inflationary trajectory S = 0, Im<I> = 
is given by 



m 2 = 12C# 2 + (f(HV2)) 2 



(56) 



Therefore m 2 > and the field S is stable for £ > 0. For 
C > 1/12, one has m 2 > H 2 in this class of models, so 
the perturbations of the field S are not excited during 
inflation. 

The next condition to check is the stability with respect 
to the imaginary part of the field Near the inflationary 
trajectory with S — 0, the mass squared of the imaginary 
part of the field $ is 

mj = 2(f(4>/V2)) 2 + (f(<f>/V2)) 2 - /(0/V2) f"WV2), 

(57) 

where the derivatives are taken with respect to Re<I> = 
</>/V2- For any function / monotonously growing at large 
</>, the leading contribution is given by the first term, 
which is equal to 6H 2 . Therefore this stability condi- 
tion is automatically satisfied for the large-field chaotic 
inflation. 

In general, one should also check whether the stability 
condition is satisfied at cf> < 1, when the large-field infla- 
tion ends. This may lead to certain constraints on the 
choice of the function /(</>) at small 4>, but this should not 
affect the freedom of choice of f(<f>) during the large field 
chaotic inflation. Moreover, the requirement m| > is 
not absolutely necessary after the end of inflation. First 
of all, the post-inflationary evolution may never bring the 
field into the region where m 2 < 0. Moreover, at S = 0, 
the potential of the field $ becomes 



2(Im*)' 



\fm' 



(58) 



Therefore the point where the function f(cf>) vanishes at 
some real value of $ corresponds to the absolute mini- 
mum of the potential along the trajectory S — 0, so the 
fields eventually tend to move towards this minimum. In 
general, it might happen that at small (j> the model is 
unstable with respect to generation of the field (3, which 
triggers an instability of the field S. This does not seem 
to be a generic possibility, but one should check it nev- 
ertheless for each particular inflationary model. 

One can generalize this scenario and incorporate it in 
the class of the models considered in 1 18ff2"T] . One may 
use the same superpotential as before, 



W = S/($), 



(59) 



but instead of the power-law Kahler potential we will use 
the logarithmic Kahler potential (24 1, 



K, = -3 log 



1 



■C(SS) 2 /3 



(60) 



We begin with the general investigation of stability This theory has the same inflaton potential |/(0/v2)| 2 
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The mass squared of the field 5 along the inflationary 
trajectory 5 = 0, Im $ = is 



ml = 2(6C - l)H 2 + (f'(HV2)f 



(61) 



This means that the regime 5 — is stable for £ > 1/6. 
The mass squared of the field (3 is 



m\ = -(f(HV2)f 



fWV2) f"(<j>/V2). 

(62) 

For <fi ^> 1, the first term gives the leading contribution, 
which is equal to 4iJ 2 . Therefore this stability condition 
is satisfied for the large-field chaotic inflation. As for the 
small values of the field 0, one should note that for 5 = 
the potential becomes 



(1-/3W 



(63) 



Therefore, just as in the case with the power-law Kahler 
potential, the point where /(</>) — will correspond to 
the absolute minimum of the potential along the stable 
direction 5 — 0. 

Thus, under certain conditions it is possible to have a 
stable inflationary trajectory with 5 = 0, 1111$ = for 
a broad class of superpotentials ( 47 1 . This means that 



there is a functional freedom of choice of the chaotic in- 
flation potential in the theories discussed in our paper. 
And one may still further generalize these theories by in- 
troducing the nonminimal coupling of the inflaton field 
to gravity using the Kahler potential (12 1, in which case 



the inflaton potential will have the general structure rep- 
resented in Eq. (16). 



shift symmetries of the Kahler potential if the inflaton 
field minimally couples to gravity. We found that the 
mechanism of stabilization of the inflationary trajectory 
developed in [2"U1|2"T] can be applied to these models, and 
it can be used to improve several other models of chaotic 
inflation in supergravity. 

It is interesting to compare different models of chaotic 
inflation. If one considers the new class of models with 
the logarithmic Kahler potential and the parameter x 7^ 
2/3, this will affect the flatness of the Kahler potential 
in the direction of $ + $, but this change may even im- 
prove the model studied in section |III| and bring it, in 
the large x limit, to the form studied in |18H21| . If the 
change of \ is n °t too large, it will slightly modify the 
model discussed in section |Vlj In particular, it will change 
the observable quantities n s and r. Meanwhile the mod- 
els with the power-law Kahler potential are much more 
sensitive with respect to modifications of the Kahler po- 
tential. The terms affecting flat directions of the power- 
law Kahler potential will cause the scalar potential to 
grow exponentially at large <f>. which will make chaotic 
inflation more difficult to achieve. In this sense, chaotic 
inflation in the new models with the logarithmic Kahler 
potential is more robust with respect to modifications of 
the models. 

To conclude, we proposed a new broad class of models 
of chaotic inflation in supergravity. In these models one 
has a functional freedom to modify the inflaton potential 
and, consequently, the values of n s and r. In addition, 
one can control the degree of non-gaussianity of pertur- 
bations of the field 5, as well as the amplitude of these 
perturbations, by changing the parameter £. This flexi- 
bility may be very important for an interpretation of new 
and upcoming observational data. 



VIII. CONCLUSIONS 



In this paper we continued the investigation of a class 
of supergravity models proposed to implement Higgs field 
inflation, where the Higgs field is non-minimally coupled 
to gravity [T51 - l2"T] . We found that in this class of mod- 
els the scalar potential has flat directions protected by 
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